Five temperate Agrobacterium phages, two of which are defective, and one presumed temperate, phage PS8, isolated from crown gall tissue, were prepared, purified and compared.
INTRODUCTION
The search for the nature of the tumour-inducing principle (TIP) of crown gall (Braun, 1947 ) is now largely concentrated on the DNA and the temperate phages from Agrobacterium tumefaciens. Upon infection, DNA from the crown gall organism is taken up by intact plant cells, replicated, and transcribed (Stroun, Anker & Ledoux, 1967; Schilperoort et al. 1967; Schilperoort, 1969; Qu~tier, Huguet & Guill6, I969; Srivastava, 197o) . The fate of the phage DNA and the nature and size of the bacterial DNA fragment(s), eventually involved in tumour induction, are not known. The phenomenon of DNA uptake and incorporation in plant ceils is not specific for A. tumefaciens, as it also occurs with the nonpathogenic Agrobacterium radiobacter (Schilperoort, 1969) , with Escherichia coli and Pseudomonasfluorescens (Stroun, Anker & Audeset, 197o) and with exogenous free DNA from other unrelated bacteria (Ledoux & Huart, 1969) .
Phages have been implicated in crown gall induction since 1927 (Israilsky, 1927; d'H6relle & Peyre, 1927; Muncie & Patel, I93O; Kent, 1937; De Ropp, I947 ) , and with renewed interest following the discovery of lysogeny in A. tumefaciens by Beardsley (1955) . Stonier (196o) suggested that lysogeny might be widespread among A. tumefaciens strains. Temperate phages have been reported from the bacterial strains B6 (phage omega, Beardsley 1955, 196o) , v-I, A6KI, C-58 , ACH, CG, and 13 other strains (Zimmerer, Hamilton & Pootjes, I966; Korant & Pootjes, I97O) , B2 (Stonier, McSharry & Speitel, I967) and a subculture B2A (Holsters, 197o ) . The latter author reported a phage-like particle from A. tumefaeiens o362 and the possible lysogeny of A. tumefaciens NCPPB 925 and NCPPB396, as well as A. radiobacter M2/1 and NCIB 8149. In over a hundred other pathogenic tumefaciens strains lysogeny could not be shown by direct methods (Zimmerer et al. 1966; Beardsley, I96O; Holsters, I97o ) . The cured bacterial strain V-lC is as pathogenic as the parent lysogenic strain, suggesting that the phage LV-I is not the tumour-inducing principle (Brunner & Pootjes, 1969) . The strains B6 sensitive (Klein & Tenenbaum, 1955) and 8o6 (Beardsley, 1955) are both derived from the parent strain B6. Both are host strains for the phage omega, and as pathogenic as the parent strain B6.
Attempts to induce crown gall tumours with the intact phages omega, PB2, PA6 and PS8 never had any success (Klein & Beardsley, I957; Stonier et al. 1967; Beardsley, 196o; Roussaux, Kurkdjian & Beardsley, I968; Left & Beardsley, 197o ) . That free DNA from the phage PS8 induces tumour formation after wounding (Left & Beardsley, I97 o) is uncertain. The eventual oncogenic nature of the temperate phages has not yet been clarified by in situ studies.
The presence of visible phages in bacterial cells and in wounded and infected plant cells coincides with the period of tumour induction (Kurkdjian, 1968; Kurkdjian, Beardsley & Manigault, I968) . It is claimed that phages can be isolated from sterile crown gall tissue cultures of a variety of origins, some of them 25 years old (Parsons & Beardsley, I968; Tourneur & Morel, I97O) . However, several non-virulent A. tumefaciens strains, such as VlO (the non-virulent form of 8o6) and 5GIy, also release phages in plant wounds. These phages are thus not necessarily oncogenic. In addition, the spontaneous attenuated mutant A. tumefaciens A6-6, which induces tumours in the presence of auxin, does not release phages in plant wounds (Kurkdjian, 1968; 197o) .
We studied a series of phages implicated in plant infection by Agrobacterium. Included in the study were the temperate phages omega, PS8, LV-I and PB2A, as well as a defective phage from A. tumefaciens o362. We isolated a new phage-like particle from the non-pathogenic A. radiobacter NOB 8149. All are DNA phages. The DNA relatedness was studied by cross hybridization, base composition and size of genome. The morphology was examined by electron microscopy and the proteins by gel electrophoresis. By DNA hybridization studies we were unable to detect Omega phage genome in cured pathogenic bacteria.
METHODS
Bacteria andgrowth conditions. The bacteria (Table t) were grown in a medium containing (in % w/v) 0"5 beef extract (Oxoid), oq yeast extract (Difco), 0"5 peptone (Oxoid) and o'5 sucrose, in distilled water at pH 7"0. When needed, media were solidified with ~.5 % agar (Oxoid). In liquid media, cells were shaken for aeration at 3 o°. Growth in Erlenmeyer flasks with a Klett tube as sidearm, was followed turbidimetrically with a Klett-Summerson photometer at 660 nm. The number of living cells in a suspension was counted after dilution and plating. Table 2 ) by induction. Bacterial cells were grown with aeration on the above medium to the early log phase. Lysis was induced by 0"75 to t #g mitomycin C/ml.
Growth of phages (
After 20 min. the cells were either centrifuged and resuspended in fresh medium, or incubated in the presence of mitomycin C until lysis. The flasks were stored at 5 ° overnight.
For induction by u.v. light, the cells were harvested in the early log phase, resuspended in the same volume o-oI M-tris-HC1 buffer pH 7"3, containing o.oI M-MgSO4, and irradiated with a G8T5 General Electric germicidal lamp for 25 sec., killing some 7o ~o of the cells. The cells were incubated while shaking at 3 °° in fresh peptone water. Lysis was followed turbidimetrically.
Growth of phages by infection.
In liquid medium, log phase cultures of either A. tumefaciens B6 sensitive, or B6-8o6, were infected with phage and incubated with vigorous aeration until complete lysis. On solid media in Roux flasks, confluent lysis was obtained as described by Adams (r959) . Purification of the phage. Phage lysates were kept overnight at 4 °. Cell debris were removed at I5,OOO g for Io rain. Over Ioo-fold concentration was achieved in 8 % polyethylene glycol 6ooo (Yamamoto et al. 197o) . The bottom phase with phage was freed of large debris at I5,OOO g. Free DNA and RNA were removed with the corresponding enzymes at I/zg./ml. in o.oI M-tris-HC1 buffer pH 7"3, with o-m M-MgSO~ at 37 °. A precipitate was removed by centrifuging at I5,ooo g. The phages were precipitated at 78,ooo g for I hr and suspended in ~/lO of the original volume of buffer. CsC1 was added to a refractive index of 1.379, and the suspension was centrifuged at Ioo,ooo g for I5 hr at 4 °. Phage density was calculated from the position of the band in CsC1 gradients and corrected for temperature differences. The visible phage bands were collected and dialysed for 48 hr against either o.I SSC, o-oi MMgCI~, or o'o~ M-phosphate buffer pH 7"o. SSC buffer contains o'~5 M-NaC1 and o'oi5 Mtrisodium citrate at pH 7"o. Phages were detected and titrated as described by Adams (I 959 
Agrobacterium phages 2o3
The phage LV-I, grown by infection, displayed 2 bands in CsC1 gradients, a thick upper one (UB) and a slight lower one (LB). Both bands consisted of particles containing DNA. Electron microscopically we found the normal phages in the upper band and many empty and tailless heads in the lower band. However, the latter are only damaged phages of the same strain. The DNA of both bands had the same base composition (Table 2) , the same genome size (Table 3) , and was indistinguishable by hybridization (Table 4) . Preparation of DNA. Bacterial DNA was prepared by a combination of the chloroform and phenol-cresol treatments, as described by De Ley, Cattoir & Reynaerts 0970). Phage DNA was prepared by phenol extraction according to Thomas & Abelson 0966) .
[14C]-labelled bacterial DNA was prepared from cells growing in the presence of 2.5 #c uracil-zl~C/ml, culture medium. The specific activity (in counts/min./#g. DNA) was 37oo for Agrobacterium tumefaciens BZA, 55OO for A. tumefaciens v-2 and 4IOO for A. tumefaciens v-2c.
DNA base composition. Melting points (Tin) of DNA were determined with an automatic recording thermal spectrophotometer (De Ley & Van Muylem, I963) . Buoyant densities p were determined in CsCI gradients in a model E Spinco analytical centrifuge. DNA base composition (expressed as mean molar % GC) was calculated from T~ according to De Ley 0970). The nature of the bases was established chemically after hydrolysis with formic acid, separation by thin-layer chromatography on Avicel cellulose (Merck) in a variety of classical solvents (Bendich, I957; Grippo et al. I965; Randerath & Randerath, r967) , followed by extraction and u.v. spectrophotometry. Free bases and hydrolysed Agrobacterium DNA were used as references.
DNA : DNA hybridizations (DNA relatedness, DNA homology) between phages were determined with the renaturation rate method of De Ley et al. (I97O) , adapted for the phage genome size. DNA concentrations were determined chemically according to Burton 0956). When concentrations are determined spectrophotometrically at 260 rim., the final results are frequently unreliable. All DNA samples were sheared in a French Pressure Cell at 2 I,OOO lb/in ~ in the liquid, and denatured in o.I-SSC at Ioo ° for 2o rain. For the experiment proper three quartz cuvettes were used, the first cuvette contained about 6o#g. DNA of one phage, the second one exactly the same weight concentration of DNA of another phage and the third one a mixture of exactly half of each of the previous amounts, all in o'3-SSC. A fourth cuvette with guanine at 1.3 extinction was always included as control. The optimal renaturation temperature was 66 ° under these conditions, as determined experimentally and by calculation. From the first and second cuvette the ratio between both genome sizes can be calculated (Gillis, De Ley & De Cleene, 2970) .
The presence of phage genomes in bacterial cells was checked by a membrane filter method in the presence of 3 ° % dimethylsulphoxide (Legault-D6mare et al. 2967; De Ley & Tytgat, I97O) . Millipore PHWP membrane filters of about 8 mm. diameter (pore size 0"3 #m.) containing 2o #g. of high-molecular, denatured phage DNA were incubated with Ioo #g. of sheared, denatured [14C]-labelled bacterial DNA in 0.8 ml. 2 SSC buffer with 30 % dimethylsulphoxide for 26 hr at the optimal renaturation temperature of 59 °. Thermal stability of the hybrids in fresh medium of the same composition was determined by heating the filters for 25 rain. at each 3 ° interval from 59 ° up to 86 °. All radioactivity was eluted below 8o ° thus minimizing the spontaneous DNA release from the filter (De Ley & Tytgat, 297o) . Counting was performed in a Tri-Carb 33ro Liquid Scintillation Spectrometer at 2 ° in Bray (2960) solution.
Determination of the size of the phage DNA. Several methods were used. The initial renaturation method of Gillis et al. (i 97o) permitted determination of the ratio between two genome sizes. When a reliable standard of known size, such as ~t+ or T T (Freifelder, ~97o), is included, the absolute value of the second genome size could easily be calculated. The phages in 5 M-NH~NO3 (Caro, I965) were osmotically shocked. The DNA was spread on water according to Kleinschmidt et aL , shadowed with Pt/Ir and viewed with a Siemens Elmiskop I electron microscope. In the third method the tool. wt was calculated from the extrapolated sedimentation coefficient S~0 according to Leighton & Rubenstein (1969) . The sedimentation coefficients S~0 in o.I SSC pH 7"0 at various DNA concentrations were determined in a model E Spinco analytical ultracentrifuge with u.v. attachment at 12,59o rev./min, and 2o °. The phage A + was included for comparison.
Preparation ofpolyacrylamide gels. The gels were prepared according to Weber Preparation of protein samples and electrophoresis. Reference proteins and purified phage suspensions were treated with SDS and 2-mercaptoethanol as described by Weber & Osborn (I969) except that the samples were heated for I rain. in a boiling water-bath. Glycerol and bromophenol blue were added, and approximately 2o to 5o #g. protein was layered on top of the gels. The buffer in the electrode vessels contained o-I M-sodium phosphate, pH 7"o, o-1% SDS and o.1% 2-mercaptoethanol. Electrophoresis was performed at a constant current of 8 mA per gel with the anode in the bottom chamber. After about 5 hr~ the tracking dye had moved to the end of the gel. Gels were stained with Coomassie brilliant blue R and destained as described by Weber & Osborn (1969) . The following protein mol. wt markers were dissolved at o'5 mg./ml, in a solution containing O.Ol M-sodium phosphate buffer pH 7"0, 0"I ~/o SDS and 0"I °/o 2-mercaptoethanol, and heated for one min. at lOO°: cytochrome C (mol. wt 12,4oo; Serva), myoglobin (17,2oo; Calbiochem), chymotrypsinogen (25,70o; Worthington Biochemical Corp.), glyceraldehyde-3-phosphate dehydrogenase (36,ooo; Calbiochem), aldolase (4o,ooo; Worthington Biochemical Corp.), catalase (6o,ooo; Serva), and bovine serum albumin (68,ooo; Sigma). Cytochrome C was included in each series of experiments as a standard and relative mobilities were calculated by dividing each migration distance by that of cytochrome C.
In order to determine the relative amounts of the various proteins present in the phage particles, the amount of stain in the various bands was compared (Buchwald, Murialdo & Siminovitch, 197o) . The gels were therefore scanned with a Joyce Loebl MK-III microdensitometer with an Ilford 2o4 red filter. The peaks of the chart paper were cut out and weighed. Table 2 shows that the DNA of the A. tumefaciens phages omega, PB2A, LV-1 and PS8 all had the same T~ of 92.7°+o.I °, and a % GC of 56.7+o.2. The DNA of the unusual phage Po362 had a slightly lower Tm of 92.4 ° and the DNA of the A. radiobacter phage P8149 had a distinctly higher T,, of 93"9 °. For phage PB2A DNA the near-identical base compositions from thermal denaturation (56"9) and from buoyant density (55"o) indicated that only the four normal bases A, T, G and C were present. This was confirmed by chemical analysis. Identical conclusions were reported for the LV-1 phage by Korant & Pootjes (I97O) . The nature of the bases in the particles Po362 and P8149 remains to be determined. 
RESULTS

DATA base composition of Agrobacterium phages
LV-I (c) 98
Po362
DNA relatedness (homology) amongst Agrobacterium phages
The genomes of the phages omega, LV-I, PBzA and PS8 appeared to be very similar (Table 3 ). The defective phage Po362 was possibly remotely related to the above ones. The defective phage P8149 from Agrobacterium radiobacter appeared to be very different. The average limit of error was 6 %.
Phage genome size
The results are compiled in Table 4 . Student's t-tests show that the mol. wt of the genomes of the phages omega, PS8, PBzA and LV-I (prepared in different ways) were not significantly different, within the experimental error of c. 8 %. The average mol. wt of 34"I × lO 6 (from I66 determinations) was I 1% larger than the tool. wt of/1+. This agrophage contains some 50,000 nucleotide pairs (Na salt). Korant & Pootjes 0970) reported 32-1 x io ~ as the mol. wt of LV-I DNA, in excellent agreement with our results. The DNA of the phage-like particle Po362 was significantly smaller with a mol. wt of 25 x I@. The genome from the phage-like particle P8149 was the smallest of them all with a mol. wt of to x I@. //+ DNA had S~o = 34"8 or a mol. wt of 3I x io °, in good agreement with Freifelder's (I97o) values of S~o, w = 34"4 and 29.6 x io 6 mol. wt, respectively. For PB2A DNA we found o S~0 = 34'2 or 3o x io 6 mol. wt. In our hands the sedimentation coefficient method was accurate and precise to some + 7 %. The method is less precise than the renaturation rate method. By electron microscopy (H. Teuchy, personal communication) /1+ DNA was I6 + I rim. long 06 usable measurements). PB2A DNA was 23"4_+ I.I nm. long (25 usable determinations), or 46 % longer than the/1+ genome; on this basis its mol. wt would be 44 x Io °, considerably greater than determined by the previous methods. One of the explanations for (Britten & Kohne, I966) , (see Fig. I ). No evidence was found of repetitive units, either in ~b2cI857 or in PB2A.
Phage proteins
Electrophoretic profiles on SDS polyacrylamide gels of the proteins from phage LV-I, PB2A, PS8, and omega showed essentially the same pattern. All possessed four major bands AI, A2, A3, A4 (Fig. 2) with similar mol. wt (Table 5 )-There were also similar weaker bands (not shown) between the major peaks. They could most easily be seen on the gels of omega. Starting from the top of the gels there was a thin band, followed by the major band AI, which appeared to be composed of three components, two minor peaks falling on either side of the major AI band. Band A2 gave a sharp peak indicating one component. Between A2 and A3 were two weak bands on the omega gels; these were barely visible on the LV-I gels and only one weak band was discernible on the gels of PS8 and PB2A. Similar minor bands were located between the major A3 and A 4 bands. Four were visible on omega gels, two just visible on PS8 gels, and their presence was questionable on gels of PB2A and LV-I. Using a number of standard proteins (see methods), the mol. wt of the proteins of the omega-type phages were estimated as follows (Fig. 3) : band AI 69,ooo, band A2 48,ooo, band A3 3o,ooo and band A4 15,500. These values are averages of 25 separate determinations (Table 5 ). About half of the phage protein is the A2 protein, about one third is A3, and one sixth is A4.
The proteins of two phage-like particles Po362 and P8149 were quite different from the L¥-I, PB2A, PS8 and omega group (Fig. 2 ). Co-electrophoresis shows that the protein subunits had different sizes. The mol. wt of the proteins from these phages are given in Table 5 The phage-like particle P8149 When A. radiobacter NCIB 8149 was induced with mitomycin, C, a concentration of o.75#g./ml, gave the highest particle yield. A. tumefaciens ~cPVB396 was a suitable indicator strain. The defective nature of the particle was apparent, because it does not form plaques and inhibits growth of the host strain. After purification of the phage on CsC1 gradient, negative staining with 1% uranyl acetate and electron microscopy showed two phage types, a large one and a small one (Fig. 4) . The large one has a hexagonal head of 62 _+ 7 by 7o +_ 5 nm. and a flexible tail of some 3IO nm. long. It constitutes only 3 % of all phage particles. The small phage called P8149, has only a very short tail on a hexagonal head of 4o _+ 3 nm. diameter. The presence of mixed phage in the bacterial lysate was confirmed by E. A. Schell et al. (personal communication) . Because of the very small amount of the large phage-type no effort was made to isolate it from P8149.
The small particles contain double-stranded DNA, with a normal melting profile and Tm 93"9 °. Sufficient material was not available to determine the nature of the bases, but if the four normal bases A, T, G and C are assumed, the ~o GC would be 59.8.
The phage-like particle Po362
A few years ago we received two strains of Agrobacterium, isolated by Dr A. Kerr in Australia, a pathogenic one, o362, and a non-pathogenic one, o363. We repeatedly confirmed this information on carrot discs and on tomato plants. We found from DNA renaturation rates that the o362 strain contains some r6 % more DNA than strain o363. The DNA relatedness (% homoIogy) between both organisms is high, about 8o %. 80,000 _+ 5,000 9 56,000 + 4,000 3 39,OOO + 4,00O 49 33,000 + 3,000 2 17,5oo _+ 2,000 12 12,400 + 1,500 24 phage in the bacteria of strain 0362 was suggested (J. De Ley, unpublished). It was indeed found and a full description will be given separately (J. Schell et al., to be published). Our observations showed the phage had a polyhedral shaped head (7o x 6o nm.). The tail was straight 0 3 o x 2o nm.), apparently not flexible, and about twice as long as the head (unlike the omega type). There was a base plate with spikes, and a narrow neck suggesting a core and sheath. The particles contained double-stranded DNA, with a normal melting profile and a Tm of 92-4 °. Chemical analysis could not be carried out, but assuming the four normal bases, the % GC would be 56"I.
The occurrence of phage D N A in cured bacteria
The bacterial strain v-~c is a derivative of v-I, by curing at 37 ° (Brunner & Pootjes, I969). We reconfirmed that the cured strain is as pathogenic as the wild type: on sterile carrot discs both strains provoke pronounced crown gall. It was interesting to check the eventual presence of the phage or some remnant, in the bacteria by direct physical means. Therefore and their thermal stability were detected by stepwise heating. The slight hump with phage omega DNA (A) is not reproducible. We suspect it to be an artefact, due to imperfect fixing of DNA on filters.
2II
may be real and point to the occurrence of some omega phage in the bacterial cell. Alternatively about o'5 % of bacterial DNA as an impurity in the omega DNA preparation, or incorporated in the phage genome would give the same result. Still more likely is that the phage omega DNA is imperfectly linked to the filter, a situation we encountered many times with unrelated DNA types as well.
Search for other Agrobacterium phages
A number of other phages has been reported (see Introduction). We attempted to isolate them for further study. Zimmerer et al. (1966) reported the occurrence of presumably different phages in A. tumefaeiens I78 and ACH. We attempted repeatedly to induce these phages with either u.v. or mitomycin C under different conditions. Using A. tumefaeienx B6-806, B2A cured or B6 sensitive as host strains, we were unable to detect phages. There is a faint hint of lysis in A. radiobaeter ATCC4718 and sIoo5 (Holsters, I97o ) . We never succeeded in isolating phages from these bacteria. We occasionally noticed lysis of A. tumefaciens TT ~ 12, but here again we were unable to isolate a phage.
DISCUSSION
The results of the DNA: DNA cross hybridization, DNA base composition, genome size determinations, and protein coat analysis reveal that the agrophage strains omega, PBzA, PS8 and LV-t are essentially the same within the limits of error of 8 % or some 4ooo nucleotide pairs. For three of them this is not so surprising. The phage PS8 was isolated with B6-8o6 as host strain from Helianthus inoculated with the bacterial strain B6 (Parsons & Beardsley, I968) . Our results indicate that the phage PS8 is simply either the phage omega which survived or a phage from B6-806, which is known to lyse occasionally. The bacterial strain B2A is a subclone of B2 (T. Stonier, personal communication) . The latter and B6 were isolated from apple seedling crown gall in Shenandoah, Iowa, USA, by Professor G. C. Kent (personal communication) in I932 to I934. We found that DNA from both bacteria hybridized for Ioo % (unpublished). They are probably the same strain isolated in the same area from different diseased apple seedlings. It is thus not surprising that these three phages are identical. The bacterial strain v-I was isolated later by Dr R. H. Hamilton from Zinnia elegans. By DNA: DNA hybridization we found it to be IOO % homologous to B6 and B2A (J. De Ley & H. Cattoir, unpublished) . The electrophoretic protein profiles are identical (K. Kersters & J. De Ley, unpublished) . The phages are likewise identical. We suggest that the strain vq is a re-isolate from B6 on another host plant. Their genome has a mol. wt of 34q x Io 6, being some 5o,ooo nucleotide pairs. This result is corroborated by the literature and our sedimentation S ° data. Electron microscopic length measurements on 20, W water are 30% longer. This difference is not due to the presence of repetitive units. Other explanations might reside e.g. in the technique of spreading on water, in some unknown feature of the phage DNA (expanding to greater lengths than the classically assumed ~'875 x to'tool, wt/#m.) or in the greater reliability of the renaturation method. The morphology of these phages with a head and relatively simple tail is similar to phage lambda in which the major head protein represents 57 % of the total coat protein (Buchwald et al. I97o ), compared to the protein band A2 of these phages which constitutes about 5o % of the total.
The defective phages obtained from A. tumefaciens strain o36z and A. radiobacter Ncm 8t49 differed from those above and from each other.
Our results with the cured strain A. tumefaciens vqc, which retains pathogenicity for plants after loss of the phage genome, strongly suggest that the phage LV-I DNA is not directly involved in crown gall. In view of their molecular identity, this holds for the entire omega group of agrophages. That the non-lysogenic strain B6 sensitive is as pathogenic as its parent lysogenic B6 point in the same direction. The presence of a defective omega phage in the former strain is under investigation (J. De Ley et al., to be published).
The experimental error on our hybridization method of less than 5 % does not completely eliminate the phages of the omega group as crown gall formers, e.g., less than 5 ~o of the cured cells might contain a normal prophage, or many cells might contain a small fraction of the phage genome. However, we have evidence that the omega prophage is not detectable in most pathogenic agrobacteria (J. De Ley, R. Tytgat & J. Rahn, to be published). Alternative hypotheses are e.g. another phage (?Po362) as crown gall pathogen, a small segment of the bacterial genome itself, or a piece of plasmid DNA.
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